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Abstract 
Nowadays, the demands in machine tools are in terms of precision positioning, low-cost tooling and robustness against variable disturbance 
forces. Disturbance forces in machine tools are in the form of friction and cutting forces. Disturbance forces that acting  directly or indirectly 
towards the system would result to poor tracking performance. The goal of this research work is to assess the tracking performance of Cascade 
P/PI, NPID and the newly designed control strategy called Nonlinear Cascade Feedforward (NCasFF) controller. There are three different 
cutting force disturbances injected into the system namely at spindle speed of 1000 rpm, 2000 rpm and 3000 rpm. The tracking performance of 
the controller is analyzed and evaluated using Fast Fourier Transform (FFT) of the tracking error. Robustness of these controllers in 
compensating different cutting characteristics is compared based on reduction in the harmonics of FFT error. It is found that  the NCasFF 
controller performs better than both NPID and Cascade P/PI controller. The average percentage error reduction between NCasFF controller and 
NPID controller is about 87 % whereas the average percentage error reduction between NCasFF and Cascade P/PI controller is about 44 % at 
spindle speed of 1000 rpm. The finalized design of the newly developed control strategy called NCasFF controller could be util ized for CNC 
machine application. The implementation of NCasFF controller in machine tools application will increase the quality of  the end product and the 
productivity in the industry by saving the machining time. It is suggested that the range of spindle speed could be made wider to accommodate 
the needs for high speed machining and for the betterment of manufacturing sustainability.  
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1. Introduction 
Good tracking accuracy and precision are two essential 
components demanded in machining process. Both of these 
traits are significantly important since it will lead to good 
quality of the end product that will be delivered to customer. 
Yet, the existence of disturbance forces during machining 
process will surely leads to poor tracking and positioning. One 
of the disturbance forces that significantly affect the tracking 
performance is cutting forces disturbance. It is an undesirable 
and nonlinear phenomenon that caused vibration during 
machining process and as a result, the vibration generated will 
caused either tool or workpiece deflection and also workpiece 
geometric errors [1]. Thus, it is highly critical to design a 
machine tool controller so that the system have the ability to 
withstand the impact of the cutting forces disturbance. These 
forces are natural consequences of the cutting process and 
could not be avoided.    
    Knowledge on characteristics of these cutting forces is 
essential in designing the appropriate technique for its 
compensation [2-5]. The cutting force characteristics are 
influenced by the cutting parameters such as feed rate, depth 
of cut, and spindle speed. Variations in these cutting 
conditions will affect behaviour of the cutting forces in terms 
of its magnitudes and its harmonics content. Failure to realise 
this phenomenon could reduce the quality of the finished 
product as the cutting forces may cause vibration of the 
structure thus leading to a poor surface roughness 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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measurement. Hence, an efficient and reliable compensation 
technique is desired in order to improve the tracking 
performance in machine tools applications. Previous 
researches on several compensation methods and approaches 
are discovered and have shown promising results; for example, 
Inverse Model Based Disturbance Observer [6], classical 
cascade controller [7] and Repetitive Controller [8,9], and 
based on the familiar PID control. Result based on PID 
controller [5] shows that the tracking error can be trim down 
until millimeter point only whereas results based on [8,9] 
show that the tracking error is reduced up to micron meter 
level via direct drive XY table. Furthermore, it is found that 
most of the research work were based on dedicated cutting 
forces and did not consider changing of the spindle speed. As 
a result, there is a need to conduct a research based on various 
spindle speed. In this research work, the controller designed is 
based on this needs in which the spindle speed is varied.  
2. Experimental setup 
The experimental setup is divided into two parts which is; (i) 
System specifications (ii) System setup  
2.1. System specifications 
The experimental system considered in this paper is XY Table 
ballscrew drive system as shown in Fig. 1. The XY Milling 
table consists of two axes namely; x and y axis. It is driven by 
two Panasonic MSMD 022G1U A.C. servomotor.  Both axes 
are equipped with an incremental encoder for the purpose of 
positioning quantification. The resolution of the encoder is 
2500 pulse/rev with screw pitch of 5 mm and multiple 
frequencies of 4. The resolution of the encoder is 0.0005 
mm/pulse. Two limit switches are placed in the near end of 
both axes. The total mass of x and y-axis are 36.8 kg and 23.4 
kg respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. XY Milling Table 
2.2. System setup 
In general, the experimental setup consists of 3 main 
elements, namely :- 
x  Plant (XY Table) 
x    Digital Signal Processing Board (dSPACE1104)  
x      Man Machine Interface (MMI) / Computer 
 
A dSPACE DS1104 signal processing board is interfaced 
with the plant and computer. The function of it is to transmit 
and convert input signal in digital form from the man machine 
interface (computer) to analog form to the plant and vice 
versa.  Each axis is controlled by dSPACE DS1104 controller 
board  using the ControlDesk software from dSPACE to link 
the host computer to the built-in amplifier in the plant using 
digital Input/Output (I/O) interface. The purpose of 
interfacing the digital I/O is to generate communications 
between the host computer and the ballscrew drives. These 
interactions include homing positioning, power on or off and 
drive enable or disable.  
The dSPACE 1104 controller board  will act as an 
intermediate medium between plant and host computer and is 
used to control the position of the drives. In addition, the 
Matlab/Simulink command that contains the tracking 
algorithm were uploaded to the drives from the host computer 
through the dSPACE to the plant for the purpose of  
monitoring the measured encoder signals.   
3. Controller design 
Three types of controller namely; Nonlinear PID (NPID), 
Cascade P/PI and Nonlinear Cascade Feedforward (NCasFF) 
controller is chosen to control the position of the system. The 
system identification process has been carried out in [10,13]. 
The theoretical aspect on how to execute the system 
identification process is referred from [11-12]. In general, the 
transfer function of the plant is as follows: 
 
                                                                                               (1) 
where Y is the position of the table in unit millimeter and 
U is the input voltage signal in volt. 
 
3.1. Design of controller 1(NPID) 
The nonlinear PID (NPID) controller is developed by a sector 
bounded nonlinear gain, K(e) that is integrated in series with 
PID controller. Fig. 2 portrays the control scheme of the 
NPID control system. The parameters of PID controller are 
attained from earlier work [14-16] which is depending upon 
the desired gain and phase margin. The self tuned gain 
adjustment, K(e) behave as a nonlinear function of error, e(t) 
which is bounded in the sector 0 ≤ K(e) ≤ K(emax) as pointed 
out in equation 2 and equation 3. These can be classified as 
the range of available choice for the nonlinear gain, K(e). The 
output formed from this nonlinear function is acknowledged 
as scaled error, fe and the equation of fe is presented in 
equation 5. Alternatively, the overall equation of NPID 
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controller can be viewed as  in equation 6. Table 1 shows the 
finalized values of NPID controlled system. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Control scheme of the NPID control system 
 
  
 
                                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. List of control parameters of NPID control. 
Parameters  Values 
Range of error, Emax  2 
Range of variation of nonlinear gain, D  0.5 
Proportional gain, Kp 
Integral gain, Ki 
Derivative gain, Kd 
 1.32  
0.000825 
0.006805 
3.2. Design of controller 2 (Cascade P/PI) 
   Cascade P/PI controller is categorized to the classical group 
of controller and this control strategy is broadly applied in 
most machine tools control system. The inner velocity loop is 
controller via PI controller whereas the outer position loop is 
controlled using P controller. Fig. 3 shows the control scheme 
of Cascade P/PI controller. 
 
    
 
  
 
 
 
 
 
 
Fig. 3. Control scheme of Cascade P/PI controller 
 
The velocity controller need to be designed first and followed 
by the position controller. Figure 4 and 5 show the Bode and 
Nyquist plot of the open loop transfer function respectively. 
To conclude, Table 2 illustrates the selected values of Kp, Ki 
and Kv for Cascade P/PI controlled system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Bode plot of position open loop transfer function  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Nyquist plot of position open loop transfer function 
Table 2. List of control parameters of Cascade P/PI control. 
Parameters  Values 
Proportional gain, Kp (Velocity Loop)  0.00326 [Volt.s] 
Integral gain, Ki (Velocity Loop)  0.0015  [Volt.s2] 
Proportional gain, Kv (Position  Loop) 
Force to voltage converter 
 282           [s-1]  
1/1623.5  [N/V] 
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3.3. Design of controller 3(NCasFF) 
Basically, this newly designed control strategy 
consists of combination of three add-on modules that is 
embedded together with a cascade P/PI controller as shown in 
Fig. 6. Based on Fig. 6, those three add-on modules are a 
modified Nonlinear function, N, inverse plant model and 
speed feedforward and finally, Dead Zone Compensator, DZC. 
The main philosophy behind this newly designed 
controller is to inherit the superiority of tracking performance 
of Cascade P/PI controller and to absorb the flexibility of 
nonlinear function, N in NPID controller. The beauty of the 
nonlinear function, N is its capability to provide different 
values of gain based on changing values of error. In other 
words, by having the characteristics of nonlinear function and 
robustness properties, the controller could have the ability not 
only to compensate cutting force disturbance at fix value but 
also at multiple value. It is because the nonlinear algorithm 
has automatic self-adjusting mechanism in which it will inject 
higher gain when the system detect higher value of error and 
in contrast, it will inject lower gain when the system detect 
lower value of error. Fig. 6 portrays the block diagram of 
nonlinear cascade feedforward (NCasFF) control structure 
while Table 3 display the designated value for the parameters 
of NCasFF controller. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Control scheme of the new proposed Nonlinear 
   Cascade Feedforward (NCasFF) controller 
Table 3. List of parameters of Nonlinear Cascade Feedforward (NCasFF)  
Parameters  Values 
Range of error, Emax  0.14         [mm] 
Range of variation of nonlinear gain, D  2.0   
Proportional gain, Kv(Position  Loop) 
Proportional gain, Kp (Velocity  Loop) 
Integral gain, Ki (Velocity  Loop) 
Positive deadzone compensation, Up 
Negative deadzone compensation, Un 
Desired Position Error, Ed 
 450          [s-1]  
0.00759  [V.s] 
1.0           [V.s2] 
0.0014    [V] 
-0.00148 [V] 
0.001       [mm] 
 
4. Results and discussion 
The measured cutting forces are injected to the system (as 
illustrated in Fig. 6) as disturbances. The tracking 
performance of NPID, Cascade P/PI,  and NCasFF controller 
are analyzed and compared based on their robustness against 
variable cutting force disturbance. Fig. 7 demonstrates the 
spectrum analyses (Fast Fourier Transform (FFT) of the 
position tracking errors via NPID, Cascade P/PI and NCasFF 
controller at 1000 rpm, 2000 rpm and 3000 rpm of spindle 
speed rotations). Analyses on magnitudes of the harmonic 
components of the error signal (based on Fig. 7) is conducted 
in order to quantify the compensation performance of these 
controllers against external cutting forces. Table 4 compares 
the harmonic amplitudes of the position error signal recorded 
between NPID, Cascade P/PI,  and NCasFF controller at 
varying spindle speed rotations. As expected, the NCasFF 
controller produces improved performance compared to the 
other two  controllers. The results appeared to concur as 
NCasFF controller successfully inherit the attributes of the 
nonlinear function, N of the NPID controller and Cascade 
P/PI controller. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison of Fast Fourier Transform (FFT) error 
between NPID, Cascade P/PI and NCasFF controller at 
spindle speed  (a) 1000 rpm (b) 2000 rpm (c) 3000 rpm 
 
Referring to Table 4 & 5, it is observed that NCasFF 
controller demonstrates better performance compared to the 
other two controllers. Results show an improved performance 
using NCasFF compared to both NPID and Cascade P/PI 
controllers for all three cases which are 1000 rpm, 2000rpm 
and 3000 rpm spindle speed rotations. For example, for the 
case of 3000 rpm, the amplitude tracking error drops from 
1.496 μm at 2.1 Hz of NPID controller to 0.05965 μm of 
Cascade P/PI controller. This result demonstrates an 
improvement of about 96.01 percent. The amplitude tracking 
error reduced further to 0.03539 μm for the case of NCasFF 
controller. As a whole, the average percentage error reduction 
between NCasFF controller and Cascade P/PI controller is 
about 50.04 % whereas the average percentage error reduction 
between NCasFF controller and NPID controller is about 
93.46 % at spindle speed of 3000 rpm. Results also show that 
nonlinear cascade controller is able to compensate and reduce 
tracking error components generated from various different 
cutting force disturbances.  
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Table 4. FFT Analyses on harmonic components of the position errors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. FFT Analyses on harmonic components of the position errors 
Spindle 
Speed 
[rpm] 
Average Percentage Error Reduction 
Cascade 
P/PI with 
NPID 
NCasFF 
with NPID 
NCasFF 
with 
Cascade 
P/PI 
1000 73.93 87.16 43.82 
2000 81.47 89.72 53.54 
3000 84.77 93.46 50.04 
 
5. Conclusion 
In conclusions, based on the results, the performance of the 
newly proposed control strategy called Nonlinear Cascade 
Feedforward (NCasFF) outweigh both NPID and Cascade 
P/PI controller. The maximum FFT tracking errors of NCasFF 
is approximately about 0.07717 micrometer, while for the 
case of NPID and Cascade P/PI controller, the maximum FFT 
tracking errors are 1.496 and 0.28220 micrometer 
respectively. Analyses on the harmonics content of the 
position tracking errors have shown the supremacy of 
NCasFF controller. The advantages of the implementation of 
NCasFF in machine tools industry is obvious in which it will  
increase the flexibility (by having the ability to compensate 
changing value of cutting force disturbance) of the machining 
process.  
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